RESULTS
a r t I C l e S We sought to distinguish between circuits dedicated to general perception and circuits specialized for directing particular movements. LIP has been implicated in both saccade planning and attentional processing, with conflicting evidence from single-unit recording [1] [2] [3] [4] , intracortical microstimulation 5, 6 , anatomical studies 7-10 , surgical lesions 11 and reversible inactivation [12] [13] [14] [15] . Ambiguities arise because attention and eye movements are tightly coupled. Although attention can be disengaged from the point of fixation 16 , primates usually look at objects of interest 17 . However, even when subjects attend to a peripheral target without looking directly at it, oculomotor planning activity probably occurs nonetheless [18] [19] [20] . We examined the role of LIP in these processes and asked whether attention and oculomotor planning rely on shared or distinct neuronal substrates.
Although LIP is often treated as a whole, it is actually composed of two separate areas, LIPd and LIPv. The distinction is based on patterns of myelination, connectivity and immunohistochemistry [21] [22] [23] . LIPv, deep in the lateral bank of the intraparietal sulcus (IPS), is characterized by dense myelination, whereas LIPd, which is superficial to LIPv, is lightly myelinated 22, 23 . LIPv is more strongly connected with visual area V3, posterior intraparietal area (PIP) and parietal-occipital area (PO), whereas LIPd is more strongly connected with visual area V4, V4 transitional area (V4t), area TEa plus TEm (TEa/m), temporal parietal occipital area (rostral,TPOr), and Walker area 45 (ref. 21) . Both are reciprocally connected to frontal eye fields (FEF) 21, 23 . Conflicting results regarding the role of LIP could occur if LIPd and LIPv serve different functions and previous studies sampled them differently. To address this possibility, we tested whether LIPd and LIPv have different roles in oculomotor and attentional processing.
Single-unit recording is frequently used to explore structure-function relationships. However, the determination of what structure one is recording from is often partially based on the functional properties being recorded, and this circularity can lead to uncertainty. This can be ameliorated by reconstructing the recording sites on the basis of post-mortem landmarks, reconstructing the electrode trajectories from stereotaxic data or directly imaging the electrode in vivo 24 .
Recording techniques coupled with recording site reconstruction can find correlations between neural activity and particular task conditions but do not directly address the causal role neurons may have in behavior. More information can be obtained by lesioning the area and observing any deficiencies that arise. As with unit recording, proper interpretation requires accurate localization of the lesion. We achieved this by injecting both muscimol and manganese. Muscimol, a GABA A agonist, increases local inhibition and thereby attenuates local activity. The manganese can be imaged using magnetic resonance imaging (MRI) 25 , providing direct in vivo visualization of the injection site.
We found that LIPd and LIPv have different roles in saccade planning and covert attention. Lesions of LIPd affected saccades, but not search, whereas lesions of LIPv affected both saccades and search. Our findings suggest that oculomotor and attentional processes in LIPv can be dissociated at the neural circuit level. a standard memory-guided saccade task and a visual-search task ( Fig. 1a) . A visual search protocol is useful for measuring attentional effects, as visual search generally requires the use of limited resources for information processing 26 and attention is thought to operate most strongly when distinguishing a target from distractors 27 .
The muscimol lesions affected both saccadic and search performance ( Fig. 1) , with the former occurring about twice as frequently as the latter. A 4-µl injection close to the gyral surface ( Fig. 1b ) increased saccade reaction time by 10.2 ms compared with control sessions (P = 7.6 ×10 −4 , two-sided Welch's t test). This injection did not significantly affect saccade error rate (experimental -control rates = 0.3%, P = 1.0, two-sided Fisher test; Fig. 1b ). There were small improvements in search error rate (−5.2%, P = 0.28, two-sided χ 2 test) and search reaction time (−4.8 ms, P = 0.06) ( Fig. 1b) . In contrast, a second, 3-µl injection, deeper in the sulcus (Fig. 1c ) not only significantly impaired saccades (7.5 ms slowing, P = 0.024; change in error rate was not significant, P = 0.28) but also impaired search (+18.1% error rate, P < 2 ×10 −8 ; change in reaction time was not significant, P = 0.78). Unless otherwise noted, we report lesion effects on saccades and search only to contralateral targets.
Search is impaired by LIPv, but not LIPd lesions
The two example injections, one shallow and one deep into the IPS sulcus ( Fig. 1b,c) , had different effects on visual search. To test for a systematic effect of lesion depth on search, we plotted error rate against normalized depth for each injection (see Online Methods and Fig. 2a ). Anatomical data suggest that the LIPd/v boundary lies at 53% of full sulcal depth 22 (6.8 mm for our monkeys; see Online Methods). No injections above this border ( Fig. 2b ) produced significant search effects (all P > 0.1 for error increase cases), whereas 72% (13 of 18) of deeper injections significantly increased search errors (P < 0.05). This was also true for the data from each of the three monkeys considered individually ( Table 1) ; no shallow injections affected search, whereas five out of seven, six out of eight and two out of three of the deep injections impaired search. The difference in errors between shallow (LIPd, −0.2 ± 1.4%, P = 0.86) and deep (LIPv, 15.7 ± 3.4%, P = 6.1 × 10 −5 ) injections was highly significant (P = 5.3 ×10 −5 , two-sided permutation test). There was a similar, although nonsignificant, trend in search reaction time, with LIPd lesions having almost no effect (−0.65 ms, P = 0.6) and LIPv lesions slowing responses by 6.6 ms (P = 0.35). Thus, LIPv, but not LIPd, lesions impaired visual search.
In contrast with search effects, saccade effects occurred after both LIPd and LIPv lesions. Memory-guided saccades were impaired (either slowed reaction time or increased error rate, P < 0.025, two-sided Welch's t test and χ 2 test) in 12 of 17 (70.6%) LIPd injections and 13 of 18 (72.2%) LIPv injections ( Figs. 2c and 3a,b) , and there was no linear trend in the effect size as a function of depth (Pearson correlation coefficient r = −0.031, P = 0.86; Fig. 2c ). For comparison, the search data did have a linear trend (r = 0.64, P = 0.0001). At a population level, the effect on mean adjusted reaction time (a measure combining reaction time and error effects; see Supplementary Text and Supplementary Fig. 1 ) for saccades was similar for LIPd (11.1 ± 1.8 ms, P = 9.2 ×10 −5 ) and LIPv (10.1 ± 2.0 ms, P = 5.3 ×10 −5 ). Similar effects were found on visually guided saccades in both LIPd (n = 2, mean reaction time effect = 8.3 ms) and LIPv (n = 6, reaction time effect = 9.8 ± 4.9 ms, P = 0.094), demonstrating that the deficit was not specific to working memory. Effects on saccade accuracy, precision, duration and error rate were small or absent in both LIPd and LIPv (see Supplementary Text, Supplementary Fig. 2 and Supplementary Table 1 ). 
Figure 1
Behavioral tasks and example injections. (a) Schematic of the memory-guided saccade and the visual search task. Saccades were directed to remembered target locations after a 1-1.6-s memory period. The visual search task was based on a previously described task 13, 15 . On two-thirds of trials, monkeys performed a single saccade directly to a purple target (a square) lying in a radial array of seven purple distractors (ellipses, crosses and triangles). For the remaining trials, the target appeared alone, without distractors (data not shown), as a control for the oculomotor effect. a r t I C l e S
Directional effects on saccades and search
The distinction between LIPd and LIPv was also apparent when individual target directions were considered. LIPd lesions did not affect search errors for targets in any single direction (mean = −2.3%, all P > 0.4 for increase of errors; Fig. 3c ), whereas LIPv lesions significantly increased search errors for all three contralateral targets (12.3%, P = 0.0004; 13.8%, P = 0.0009; 12.6%, P = 0.006; Fig. 3d ). Unlike search, saccades were impaired by lesions of either area, especially for contralateral directions (LIPd, 14.8, 8.5 and 13.0 ms, all P < 0.03; Fig. 3e ; LIPv, 9.7, 11.9 and 7.6 ms, all P < 0.004; Fig. 3f ). Lesions of LIPd and LIPv had similar effects on saccades in each individual direction (t tests, all P ≥ 0.2) and on the pooled measure (P = 0.72). The lesion effects were consistent across each of the three monkeys (Tables 1 and 2). All three monkeys showed markedly elevated contralateral saccade reaction time effects in both areas, which were significant in two monkeys (P < 0.05). In each of the three monkeys, the contralateral search effect was markedly elevated in LIPv (significant in two, P < 0.05) and nonsignificant (small or negative, P > 0.18) in LIPd. A two-way, direction × monkey ANOVA revealed no main effect of monkey on either the contralateral saccade reaction time effect (LIPd, F 2 = 1.7, P = 0.2; LIPv, F 2 = 1.9, P = 0.16) or the contralateral search error effect (LIPd, F 2 = 0.52, P = 0.6; LIPv, F 2 = 0.23, P = 0.79).
Saccade, but not search, effect depends on eye position
The retinotopic responses of LIP neurons are gain modulated by eye position 28 . To test whether eye position might modulate lesion effects, we had two monkeys perform the saccade and search tasks after a subset of injections with all visual stimuli, including the initial fixation target, displaced either 5° to the left or right of straight ahead ( Fig. 4a) . Saccade reaction times were slowed to a similar extent regardless of eye position in LIPd and LIPv (Fig. 4b,c and Supplementary Table 2 ). This was true for each individual injection, with significant effects of eye position on saccade reaction time occurring at only four of nine LIPd sites (two increased and two decreased reaction times with contralateral eye position) and one of nine LIPv sites (decreased reaction time with contralateral eye position), and was also true for the population (LIPd, 5.7 ± 3 ms versus 5.8 ± 1.6 ms, difference P = 0.96, paired t test; LIPv, 10 ± 2.5 ms versus 8.0 ± 2.9, difference P = 0.24).
There was no search effect in LIPd for either eye position (−2.1 ± 1.4%, P = 0.18; −0.55 ± 1.4%, P = 0.7; Fig. 4b ). In LIPv, however, the error rate for search more than doubled for contralateral compared with ipsilateral eye position (11 sites tested, 16.8 ± 5.5% versus 5.4 ± 2.2%, difference P = 0.034, paired t test; Fig. 4c ). At the individual injection level, 10 of 11 LIPv injections resulted in more search errors with contralateral compared with ipsilateral eye positions, and 6 of the 11 were significantly greater (P < 0.02, two-sided χ 2 test or Fisher exact test). Thus, the search effect depended on initial eye position in LIPv, whereas the saccade effect was independent of eye position in both areas.
Lesion overlap map and control experiments
To further characterize the anatomical locus of the search effect, we constructed three-dimensional ( Fig. 5a,b ) and two-dimensional ( Fig. 5c ) lesion overlap maps (see Supplementary Text) showing the 8 search-positive and 12 search-negative lesions from the two fascicularis monkeys. Search-positive effects (Fig. 5b,c) resulted from injections in the ventral (deep) portion of the intraparietal sulcus (IPS), whereas search-negative effects (Fig. 5a ,c) resulted from dorsal (superficial) injections in the lateral bank, directly above the searchpositive area. The voxels that are most frequently involved in searchpositive or search-negative effects were separated by 3.0 mm. These results support the conclusion that search is impaired by LIPv, but not LIPd, injections.
To rule out alternative explanations for the origin of search effects, we performed nine control injections into the medial bank of the IPS (Fig. 6a,b) . Neither large (n = 4; Fig. 6a ) nor focal (n = 5; Fig. 6b ) medial bank injections impaired search (mean effect = −0.36% and 1.2%, P = 0.75 and P = 0.56, respectively). To test whether search effects are produced by large inactivations independent of their locations, we picked five large LIPd injections with additional involvement of visual area 7a ( Fig. 6c ) out of 14 LIPd injections ( Fig. 6d) Entries show mean ± s.d. or percentage of sites that showed a significant increase in contralaterally directed search error rate (P < 0.05, two-sided χ 2 test).
***P < 0.001 and *P < 0.05. 4 9 8 VOLUME 13 | NUMBER 4 | APRIL 2010 nature neurOSCIenCe a r t I C l e S saccades. These injections all significantly impaired saccades (all P ≤ 0.03; mean effect on adjusted reaction time = 11.3 ms, P = 0.06), but had no effect on search (mean = 0.12%, P = 0.94). Thus, our control experiments confirm that the search effect was specific to lesions of the ventral portion of the lateral bank in the IPS (Fig. 6e) .
In addition, we examined whether our lesion effects were specifically related to GABA modulation. A manganese-only injection (3.0 µl) was made into both LIPd and LIPv (Supplementary Fig. 3 ). There was a slight, nonsignificant improvement on saccade reaction time (−2.2 ms, P = 0.63) and error rate (−1.7%, P = 0.9; Supplementary Fig. 3) . Search performance was also unaffected (3.0 ms, P = 0.46; −0.4%, P = 1.0; Supplementary  Fig. 3) . In contrast, a 1.0-µl muscimol injection into LIPv without manganese impaired both saccades (30.2 ms, P = 4 ×10 −6 ; 8.9%, P = 0.053) and search (−4.8 ms, P = 0.15; 16.7%, P = 8 ×10 −8 ). A 3.0-µl injection of muscimol alone in LIPd impaired saccades (1.7 ms, P = 0.4; 12.9%, P = 0.0001), but not search (−1.8 ms, P = 0.25; −3.0%, P = 0.44). These findings suggest that the lesion effects observed in our experiments specifically resulted from the modulation of GABAergic inhibitory circuits in LIPd or LIPv and that injecting manganese alone into the parietal cortical tissue had minimal effects on saccade and search performance.
DISCUSSION
Our results indicate that well-localized injections of the GABA A agonist muscimol into LIPd specifically impair saccades, but leave search intact. In contrast, well-localized injections into LIPv impair both search and saccades. There have been two previous reversible inactivation studies of LIP. Both our finding of saccade deficits in LIPd and LIPv and our finding of search deficits in LIPv are consistent with these studies [13] [14] [15] , although these studies did not distinguish between LIPd and LIPv and did not test for an anatomical gradient of their lesion effects. A previous study 15 reported no significant effect of LIP lesions on saccade reaction time at the population level, but did not report data from individual injections.
The visual search procedure that we employed is the previously described 13 'difficult feature search' , in which search time depends on the number of distractors. We confirmed that this was the case in our monkeys before collecting lesion data and then compared search performance after each lesion in the presence and absence of distractors. This controls for the effects of saccades per se and isolates a cost that is ascribed to the role of attention. Because visual search involves many different processes, our results and those of previous studies could conceivably reflect an impairment of, for example, shape processing 29 . However, the most likely explanation for the search effect that we found in LIPv is an impairment of attentional control (see also Supplementary Text).
Our muscimol and manganese-enhanced MRI technique allowed us to distinguish the different functional roles of dorsal and ventral LIP. This technique substantially improves the traditional reversible inactivation technique that is used for closely spaced areas and regions in which areal boundaries are not obvious and can resolve controversial issues regarding the functions of other regions such as dorsolateral prefrontal cortex.
Areal distinctions
LIPd and LIPv have not been well studied as separate areas. Although they have much in common, they have differences in connectivity and physiology. Anatomically, LIPv is more strongly connected with V3, PIP and PO, whereas LIPd is more strongly connected with V4, V4t, TEa/m, TPOr and area 45 (ref. 21) . Both areas are connected to frontal areas close to the FEF 9,21,23 , with LIPv being more strongly connected with the caudal periarcuate area 23 and ventral frontal eye fields (areas 45 and 6Vam) 21 . Although LIPd is more strongly connected with the rostral periarcuate area (intermediate area 8) 23 and dorsal frontal eye field (8Ac, 8As) 21 , overall stronger connections from LIPv to FEF have been reported 30 . FEF has been traditionally viewed as an oculomotor structure, but it has been recently implicated in attentional processing [31] [32] [33] . This dual role is consistent with our finding of both saccade and search effects after LIPv lesions. LIP also has direct projections to the superior colliculus 7 . Similar to FEF, superior colliculus has been traditionally viewed as an oculomotor structure and has also been recently implicated in attentional processing 34, 35 . The LIP neurons projecting to FEF and superior colliculus are intermingled 36 , but there appears to be a stronger projection to the intermediate and deep layers of the superior colliculus from deeper areas in the lateral bank, approximately corresponding to LIPv 7 .
In summary, LIPv, when compared with LIPd, has stronger connections to FEF and superior colliculus and weaker connections Entries show mean ± s.d. or percentage of sites that showed a significant increase in either contralaterally directed saccade reaction time or error rate (P < 0.05, two-sided Welch's t test for reaction time comparison and χ 2 test for error comparison, corrected for multiple comparison of two).
***P < 0.001, *P < 0.05 and + P < 0.1.
a r t I C l e S to V4. This is surprising given our results and the classic view of FEF and superior colliculus as being oculomotor related and V4 as being attention related. This surprise is mitigated, however, by the fact that superior colliculus, FEF and V4 all show both oculomotor and attentional effects 34, 35, 37 and that FEF is itself strongly connected with V4 (refs. 10,30). Furthermore, it has been previously suggested that LIPv is involved in complex cognitive functions, such as integrating sensory evidence and engaging and disengaging attention [38] [39] [40] . Functionally, single-unit recording studies have suggested that LIPv represents the periphery, whereas LIPd represents the fovea 9,41 , but we did not find evidence for impaired foveal stability after either LIPd or LIPv lesions (see Supplementary Text and Supplementary Fig. 4) .
Functional specificity at the area and circuit levels
There has been a long-standing debate about whether LIP has a specific oculomotor role 1, 2, 5, 12, 14 or is involved in allocating attention, perhaps by providing a general salience map of visual space 3, 4, 6, 13, 15 . A number of studies have attempted to separate saccadic from attentional processing 4, 20 . The locus of attention can be continuously tracked using psychophysical techniques, but saccadic intention is much more difficult to measure. Activity in LIP tracks the time course of attention 4 , predicts the goal and latency of upcoming saccades under conditions of free visual search 42 but not when a task-irrelevant stimulus appears near the end of the delay period of a memory-guided delayed saccade 43 , and distinguishes between targets and distractors during visual search 44 . Our findings suggest that LIP is involved in both attention and saccade intention. Our lesion data confirm this, consistent with previous studies that found an intimate relationship between the saccade and attention systems at the level of both behavior 17 and neural circuitry 18, 19 .
The effects that we observed of LIP lesions on saccades and search were very small but reliable (for example, 5-10 ms increases in latency). The search effects that we observed and that have been reported previously 13 were comparable to those of FEF inactivations 45 , but the saccade effects were at least an order of magnitude smaller than those of FEF 45, 46 and superior colliculus inactivations 47 , and lesions in these areas also impaired saccade metrics. This is consistent with the notion that LIP helps specify saccadic goals but, unlike FEF and superior colliculus, is not directly involved in generating the saccade itself. In addition, parallel pathways that bypass LIP may exist for specifying saccade goals, which could compensate for the loss of function after LIP lesions. Finally, superior colliculus and, to a lesser extent, FEF are more highly topographically organized than LIP, and circumscribed lesions may have pronounced focal effects in superior colliculus and FEF and more diffuse effects in LIP.
Our data suggest that there may be separate neural substrates for oculomotor and attentional functions in LIPv, similar to what has been found in FEF 31, 32 . LIPd and LIPv lesions affected saccade reaction time more reliably than the saccade error rate, whereas LIPv lesions affected search error rate more strongly than reaction time. Notably, eye position modulated the search effect but not the saccade effect (Fig. 4c) . The lack of an eye position effect on saccades is consistent with previous results 48 , whereas the eye position effect on visual search is consistent with the fact that hemineglect in humans is often modulated by eye position 49, 50 . We propose that there are two intermingled cell populations in LIPv, similar to what has been found in FEF 31 , with one group of cells being involved in saccade planning and the other being involved in spatial attention.
In summary, we found different functional roles for the two subdivisions of LIP. LIPd is primarily an oculomotor planning region and LIPv is involved in both oculomotor and attentional processing. Thus, oculomotor processing can exist independently of attentional processing in the posterior parietal cortex (LIPd), but the two processes can also operate side-by-side in the same cortical area (LIPv). Furthermore, when both processes are present in the same area, they 5 0 0 VOLUME 13 | NUMBER 4 | APRIL 2010 nature neurOSCIenCe a r t I C l e S appear to be subserved by independent neural elements (LIPv and FEF). This architecture may provide a flexible neuronal substrate for switching between coupling and decoupling of covert attention and eye movements 18, 19, 31 .
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
ONLINE METhODS
Three adult male macaque monkeys (two Macaca fascicularis, monkeys Q and W; one Macaca mulatta, monkey G) were used. All procedures conformed to the Guide for the Care and Use of Laboratory Animals and were approved by the Washington University Institutional Animal Care and Use Committee.
delineation of lIP. We localized LIP in four hemispheres of three monkeys using MRI and single-neuron recording. LIP was defined as a zone in the lateral bank of the IPS, close to the bend in the sulcus, that contained a high proportion of cells with a brisk phasic response to onset of a visual target in the receptive field and significantly elevated (P < 0.05) activity during the delay period of a memoryguided saccade task (Supplementary Fig. 5 ).
Injections. We injected 8 mg ml −1 muscimol and 0. Fig. 5 ) and on animal-specific MRI atlases. For each experiment, 1 or 2 µl of muscimol and manganese were injected at one to four sites along one or two injection tracks, for a total volume of 1-4 µl per experiment. The volumes of injections placed in the two areas were comparable (mean ± s.d., 2.6 ± 0.9 (mode, 2) µl for LIPd and 2.2 ± 0.9 (mode, 2) µl for LIPv). The cannula was withdrawn 15 min after the completion of each injection. Injections were visible as bright halos representing the manganese-induced T1 signal increase.
Part of our motivation in developing the muscimol and manganese MRI technique was to be able to detect any leakage of the drug along the injection track into regions distant from the intended injection site. Such leakage, which cannot be detected with traditional injection methods, limits the interpretation of all previous inactivation studies. In contrast with the manganese MRI technique, any substantial leakage that occurs during cannula advancement and/or injection or any backfilling that occurs during cannula retraction is clearly visible in the post-injection MRI. An example of this is shown in Supplementary Figure 6 . Injections that showed any sign of leakage along the cannula track or that failed to show a visible halo were excluded from our dataset.
Only a single site (LIPd or LIPv) was tested in each injection session. Typically, one injection and two control sessions were performed each week. The order of injections into LIPd and LIPv was intentionally varied for each monkey to avoid systematic biases (d, LIPd; v, LIPv; Monkey Q: v, v, v, d, d, d, d, v, d, v, v, d, d, v and v; Monkey W: v, v, v, d and d; Monkey G: d, d, d, d, d, v, v, d, d, v, v, v, v, v and d) . We found only small and nonsystematic changes in the injection effects as a function of session number (see Supplementary Text and Supplementary Fig. 7) .
Behavioral tasks. Two male Macaca fascicularis and one male Macaca mulatta monkey performed a standard memory-guided saccade task 2 and a visual-search task (adapted from refs. 13, 15) in control and injection sessions. Memory trials began with the monkey looking at a fixation point on a vertically mounted screen 16 cm away. After 350-ms fixation, a peripheral target appeared for 150 ms in one of eight directions 20° from the fixation point. After a subsequent 1-1.6-s delay, the fixation light was extinguished and the monkey had 500 ms to saccade to within 10° of the remembered target location. The target reappeared 150 ms after the eyes acquired the peripheral window and a corrective saccade to within 5° was required. Early (before fixation offset), late (>500 ms), inaccurate (>10° from target) or failed corrective saccades were counted as errors. A total of 240 correct saccades were obtained per experimental session. Memory reach trials were interleaved with the memory saccade trials.
In the visual-search task, after 800-1,300 ms of central fixation, the fixation point was extinguished and a search array appeared. On two-thirds of trials, a purple square and seven equally spaced purple distractors with three different shapes appeared at 12° or 15° eccentricity. On one-third of trials, the target appeared without distractors. Monkeys were rewarded for directing a single saccade to within 6° of the target. Trials were terminated if the monkey saccaded to a distractor or made more than one saccade. A total of 144 trials without distrators and 288 trials with distractors were obtained in each experimental session.
To test whether initial eye position would modulate lesion effects, two monkeys performed separate blocks of the saccade and search tasks using starting eye positions and visual stimuli 5° to the right or left of straight ahead.
Because the effects of the muscimol might change over time, the first two monkeys (Q and W) performed multiple blocks of tasks, with each block (45 min) consisting of three tasks running sequentially. The three tasks were interleaved: visual saccades and reaches, interleaved memory saccades and reaches, and visual search. Initial eye position (5° to the right or left of straight ahead) was alternated on each consecutive set. A total of six blocks of data were collected in each control and injection experiment, lasting 4-5 h. The third monkey (G) performed only a single block of interleaved memory saccades and reaches and a single block of visual search in each session. The first three injections were performed in monkey G before it was fully trained on the search task, and therefore only saccade data were collected in those three experiments.
Behavioral data analysis. Injection session data were compared with data from two to four control sessions from adjacent days within 2 weeks of the injection day, so that cumulative lesion effects would not bias our results (see also Supplementary Text and Supplementary Fig. 7) . Errors that occurred before target appearance on memory and search trials were excluded from error analysis. Saccade errors include fixation errors (errors caused by eye movements, occurring at any time between the transient peripheral target presentation and the fixation point offset), target acquisition errors (failure to move the eyes to within 10° of the remembered peripheral target location in 500 ms of fixation point offset) and late errors (failure to maintain fixation on the peripheral target for at least 150 ms or a failure to make a corrective saccade to within 5° of the visible peripheral target location after it reappeared at the end of the trial). Search errors occurred when a saccade was landed more than 6° from the target, or when the first saccade was landed on a distractor. The saccade onset was defined as the time at which eye velocity first exceeded 30° s −1 , and saccade offset was defined as the time when eye velocity dropped below 24° s −1 . Movement amplitude was defined as the Euclidean distance from starting point to ending point. Precision was assessed by the variability of movement amplitude. To exclude oculomotor effects from the search task reaction time and error measurements, we subtracted no-distractor data from seven-distractor data, leaving only the influence of the distractors (adapted from ref. 15 ). For comparisons of reaction time (fixation offset to saccade onset, reaction time), amplitude and duration, we parceled out between control days and within control day variances, then used the control mean, the within control day variance, the injection mean and the injection variance to compute two-sided Welch's t-test P values. For the comparison of the variability of movement amplitude (precision), we used the within control day variance and the injection day variance to compute two-sided F (variance ratio) test. We used two-sided χ 2 tests (or Fisher exact tests if any of the expected counts were less than 5) for individual site error rate comparisons. Significant sites were the ones that significantly delayed reaction time or increased errors (P < 0.05, corrected for multiple comparisons of two). Population effects across injections were tested using a one sample two-sided permutation test. Single-sided tests would be appropriate for all of these comparisons, so the P values from the twosided tests are generally conservative. Unless otherwise mentioned, statistics were computed for the three contralateral target positions.
Image acquisition and analysis. Post-injection (4-8 h) magnetic resonance scans (T1 weighted, magnetization prepared rapid acquisition gradient echo pulse sequences) were performed with a Siemens Allegra 3T MRI scanner (Siemens Medical Systems) using a custom volumetric 'birdcage' coil (14-cm inner diameter, Primatrix). For about two thirds of the scans (25 of 35), monkeys were sedated (10-15 mg per kg of body weight ketamine and 0.7-1.0 mg per kg diazepam) or anesthetized with isoflurane and monitored using an magnetic resonancecompatible pulse-oximetry probe (Surgivet). Ten scans were acquired while the monkeys were fully awake. Typically, three 8-min scans at 0.5-mm 3 resolution were acquired with anesthesia and six 3-min scans at 1.0-mm 3 resolution were acquired without anesthesia. See Supplementary Text for image processing. Injection depth was measured as the Euclidean distance from the center of each manganese halo to the adjacent gyral surface of the intraparietal sulcus, normalized by dividing by the full IPS sulcal depth (Fig. 2) and multiplying by the mean full depth across the three monkeys (8.9, 17.6 and 12.0 mm, for a mean of 12.8 mm). All depths in the text have been normalized in this manner. Normalization had only a very small effect on the results and the distinction between LIPd and LIPv injections was just as clear using nonnormalized values. All depth measurements were made in the coronal plane. To locate the depth of the LIPd/v boundary in previous anatomical data 21, 22 , we first converted the two-dimensional fascicularis cytoarchitectonic parcellation into a three-dimensional volume (CARET, http://brainvis.wustl.edu, sum database: Macaque.F6.BOTH.Std-MESH.73730) and then computed the normalized depth of the border. We estimated the LIPd/v boundary as lying about 4.6 mm deep in the MRI atlas (full IPS depth, 8.7 mm) and 6.8 mm deep for the normalized sulcal depth of our monkeys (12.8 mm). All LIP injections were located near the middle of the IPS where the sulcus is relatively straight (for example, Fig. 2) , so sulcal curvature was not an issue in our measurements.
The normalized anterior-to-posterior distance for each injection was computed as the distance of the center of the manganese halo to the junction of IPS and parietal occipital sulcus, relative to that animal's full anterior-to-posterior IPS length (Supplementary Text and Supplementary Figs. 8 and 9) . These measurements were made in the horizontal plane.
